The content of 5-hydroxytryptamine (SHT) in various tissues of mutant mouse (W/W ~) deficient in mast eells and of control mouse (+/+) was determined by high performance liquid chromatography. The depletion of mast cells in the mutant mouse (W/IW) was expected to cause a decrease in the 5HT content. In the control miee, 5HT was most densely accumulated in the lung (9.66 _+ 5.23 #g/g). Large intestine (6.40 + 2.61 #g/g) and stomach (6.10 _+ 2.14 #g/g) followed the lung in the rating of the 5HT eontcnt. The 5HT content of W/IW mlee was only 23.4% and 4.1% that of the
Introduction
A large quantity of 5-hydroxytryptamine (5HT) is accumulated in peripheral organs such as digestive tract as well as in the brain. The 5HT content of various tissues may be determined essentially by distribution of 5HT producing or storing cells. The 5HT in the organ-specific cells may have specific physiological roles associated with the function of the organs. Enterochromaffin cells (EC cells) in the gastrointestinal mucosa of mammals synthesize and store 5HT and release it in response to luminal and neural stimuli [1] [2] [3] [4] . Recently, cells containing 5HT immunoreactivity were found in the bronchial and bronchiolar epithelial cells of the human fetal lung [5] and in the intrapulmonary neuroepithelial bodies of the young rabbit [6] . On the other hand, non-specific cells in the organs also contain 5HT. Platelets in the blood are well known to carry 5HT and release it in response to stimulation by various factors, one of which is the plateletactivating factor derived from mast cells at the immediate type hypersensitivity reaction. In rodents such as rats and mice, 5HT is also stored in the mast cells which are distributed in almost all organs.
In the last several years, high performance liquid chromatography (HPLC) with fluorescence and electrochemical detection has been introduced to the determination of indole amines. The fluorescence detection has been employed in our laboratory for the determination of 5HT and its related compounds and for the assay of 5HT synthesizing enzymes in mouse mastocytomas [7] . The method has been proven to be useful for quantitative studies. In order to investigate into the production and storage of 5HT in various organs, it is important to distinguish the 5HT contained in the organ-specific cells from that in the organ-non-specific cells, such as mast cells.
The mutant mouse (W/W v) having the double mutant alleles at the W locus shows macrocytic anemia, sterility, lack of hair pigmentation and lack of tissue mast cells [8, 9] . It was reported that the content of histamine [10] and of heparin [11] in the mast cell-deficient mutant mouse was much less than that in the normal control (+/+). The W/W ~ mouse would be a suitable animal model for investigation of the contribution of the mast ceils to the 5HT content in various organs. In the present work, we examined the organ distribution of 5HT in the W/W" mouse and compared it with that in the normal (+/+).
Materials and methods
Animals. Mice of WBB6Fc(W/W ~ and +/+) were raised in our laboratory by mating WB/Re-W/+ female with C57BL/6-Wv/+ male, both of which were obtained from the Institute for Cancer Research, Medical School, Osaka University. Mice of the genotypes, W/W' and +/+, were distinguished by the hair pigmentation, white and black, respectively [8] . The animal room was kept under slightly positive pressure at 22 +_ 2 ~ and supplied with air at a rate of 14 air changes per hour. Humidity varied between 40 and 60%, and a constant photoperiod was maintained with a 12-hour light-dark cycle. The mice were housed in polycarbonate cages with hardwood chip bedding. All mice had access to commercial mouse diet (Rodent laboratory Chow F-1. Funabashi Farm Co, Chiba, Japan) and tap water ad libitum. Male mice of 6 to 8 week old were used.
Chemleals. 5-Hydroxytryptamine creatinine sulfate and N~-methyl-5-hydroxytryptamine (NM5HT) were purchased from Merck (Darmstadt, Germany) and Sigma Chemical-Co. (St Louis, USA), respectively. FineSILCls-5-T, a trimethylsilane-treated reversed-phase medium (particle size 5 ~tm) was obtained from JASCO (Tokyo, Japan). Organic solvents for maintenance and analytical elution of the HPLC column were HPLC-grade purchased from Wako Pure Chemical Industries (Osaka, Japan). All other chemicals were analytical grade from Nakarai Chemicals (Kyoto, Japan) or Wako Pure Chemical Industries. Buffers for elution of the HPLC column were filtered through a Millipore filter (pore size, 0.45 /zm) and deaerated before use. Standard solutions of 5HT and NM5HT were prepared in 1% ascorbic acid in 0.1 N HC1. They were stored at -80 ~ until use.
Extraction of tissues for measurement of 5HT content. Mice were sacrificed by cervical dislocation and phlebotomized by cutting the carotid artery. Tissues (brain, salivary gland, lung, stomach, small intestine, caecum, large intestine and dorsal skin) were quickly isolated, washed with cold saline, blotted with filter paper, weighed and frozen immediately in liquid N 2. When the blood was to be collected, the collection was made with one sixth volume of 3.1% (w/v) Na-citrate in a syringe, immediately after the cervical dislocation, by heart or abdominal-vein puncture. The citrated blood was frozen in liquid N 2. The frozen tissue and blood samples were stored in a refrigerator at -80 ~ until use for approximately 2 months.
The frozen skin was crushed in a stainless steel pa n precooled in liquid Nz, pulverized in liquid N 2 in a mortar and sonicated in 4 vol. (v/w) of cold 11.6% (w/v) HC104 containing 1.25% (w/v) ascorbic acid and 2.5/zM NM5HT as an internal standard. A 200-#1 aliquot of the blood sample was mixed with 700 #1 of cold 0.29 N HCI containing 2.9% (w/v) ascorbic acid and 2.9 pM NM5HT, and sonicated. The sonication was repeated after addition of 100 fll of 92.4% (w/v) HC104. Other frozen tissues were homogenized with a Polytron-type homogenizer in 3.5 vol. (v/w) of cold 0.14 N HC1 containing 1.43% (w/v) ascorbic acid and 2.86 #M NM5HT. The homogenate was placed on ice for 30 min, and homogenized again after addition of 0.5 vol. the original tissue weight of 92.4% (w/v) HC104. The homogenates prepared as above were centrifuged at 12,000 x g for 10 min in the cold and the supernatants were separately filtered through a regenerated cellulose microfilter (pore size 0.45 /zm, Schleicher & Schuell, West Germany) by centrifugation. A 30-/zl aliquot of the resultant filtrate was subjected to the HPLC analysis.
Measuremem of 5HT by HPLC. An analytical HPLC system with a fluorescence monitor was constructed as described previously [7] , except that the column length was 250 mm with 4.6 mm I.D. The fluorescence monitor (JASCO, model FP-110) was equipped with a phosphorcoated low pressure mercury vapor lamp (L-1549-03, 302 nm, Hamamatsu Photonics, Hamamatsu, Japan). In certain experiment, a fluorescence monitor with xenon lamp (JASCO, model FP-210) was also used. The wavelength settings were 302 nm and 350 nm for excitation and emission, respectively. The desk top recorder (JASCO, model RC-228) was used at 10 and 100 mV for input full scale settings for the two pens. The column of FineSIL-Cls-5-T was packed with the TriRoter-II pump (JASCO) by constant pressure mode at 450 kg/cm 2 setting according to the manufacturer's instruction. The elution of the HPLC column was performed with Na-acetate (40 mM with respect to sodium, pH 4.0)/methanol (4 : 1) at a flow rate of 1.0 ml/min. The column was refreshed every 10 to 20 analyses with 10% Na-formate, pH 2.0 (the pH of aqueous formic acid was adjusted by NaOH) followed by water/methanol (3:1). A standard mixture containing 60 pmol each of 5HT and NM5HT was subjected to the chromatography before every set of experiments to calibrate the analytical system. The tissue concentration of 5HT was calculated based on the peak height reading. The detection limits of 5HT, defined as the peak-height reading twice as high as the base line drift, were 2.6 and 0.1 pmol per injection with fluorescence monitors Of model FP-110 and FP-210, respectively, as shown below in Figs 1 and 3.
Others. As a conventional estimation of hemeproteins, the optical density of tissue extracts at 415 nm was measured and compared with that of blood lysate. The blood collected from normal mice was diluted 1000-fold with 50 mM potassium phosphate buffer (pH 7.0) containing a few drops of n-butanol and sonicated. The frozen powder of skin was suspended in 5 vol. (v/w) of the phosphate buffer and sonicated. Other tissues (lung, stomach, small intestine and brain) were homogenized in 20-80 vol. (v/w) of the buffer with a Potter-Elvehjem homogenizer. The homogenates were centrifuged at 20,000 x g for 10 rain in the cold. A head-on type spectrophotometer (Model SM-401, Union Giken, Osaka, Japan) was utilized for the measurement after suitable dilution. For slightly turbid samples, the mean of the absorption at 370 nm and 460 nm was subtracted from the absorption at 415 nm. The extinction of the samples was calculated from the measured value multiplied by the dilution factor.
When statistical comparisons were made, Student's t-test was employed.
Results
The chromatogram of a standard mixture containing 60 pmol each of 5-hydroxytryptophan (5HTP), 5HT, N~-methyl-5-hydroxytryptamine (NM5HT), 5-hydroxyindoleacetic acid (5HIAA) and 300 pmol of tryptophan is shown in Fig. 1 . A typical elution profile obtained with a sample from a middle portion of small intestine (+/+) is shown in Fig. 2 . N~-methyl-5-hydroxytryptamine was added in the extraction medium as an internal standard, otherwise the compound was not found in the tissue extract.
The recoveries of 5HT and NM5HT added to the homogenate were not significantly different and were between 65.6 and 84.0% (Table I) . Therefore, the recoveries of endogenous 5HT and the added NM5HT were assumed to be the same. The peak height ratio of equimolar 5HT and NM5HT was determined before every set of experiments and used for the calculation of the 5HT concentration in tissue extracts.
The measured values of 5HT content in tissues are presented in Table 2 . 5-Hydroxytryptamine was most densely accumulated in the lung in both the W/W v and normal mice. Recovery of 5-hydroxytryptamine (5HT) and Na-methyl-5-hydroxytryptamine (NM5HT) during tissue extraction. The recovery Of 5HT and NM5HT was determined by adding these compounds in homogenates at final concentrations of 4 and 2 #M, respectively. Tissue homogenization was performed in the extraction medium containing NM5HT. 5-Hydroxytryptamine was added to the homogenate. Deproteinized supernatant was prepared as described under Materials and methods. Control extracts without exogenous 5HT were prepared from the same homogenate. The recovery of added 5HT was calculated from the increase of the peak height over that of endogenous 5HT (A-B) by comparing with the peak height reading of authentic 5HT (C, 120 pmol). The recovery of NM5HT was calculated simply from the peak height of the sample (A) by comparing with that of authentic NM5HT (C, 60 pmol). Analytical conditions were described in the legend to Fig. 1 Microdetermination of 5HT by high performance liquid chromatography (HPLC). Analytical conditions were the same as in Fig. 1 except that a fluorescence detector equipped with xenon lamp (JASCO, model FP-210) was employed. Samples (30 pl each) subjected to HPLC were: (A) standard mixture containing 6 pmol each of 5-hydroxytryptophan (1), 5-hydroxytryptamine (2), N~-methyl-5-hydroxytryptamine (3) and 5-hydroxyindoleacetic acid (5) and 30 pmol oftryptophan (4); (B) a 9-fold dilution with 0.01 N HCI of the standard mixture used in (A); (C) extract from the skin of a WBB6F ]-IV/W v prepared as described under Materials and methods. Identified compounds in the figure were 5-hydroxytryptamine (2), Na-methyl-5-hydroxytryptamine (3) and tryptophan (4).
In the normal mice, large intestine and stomach followed the lung in the rating of the 5HT content. The 5HT content in the skin and salivary gland was very small, and a fluorescence monitor equipped with xenon lamp was required for the determination (Fig. 3) . With this fluorescence Table 2 , the 5HT content of the mast cell deficient mice (W/W v) was less than that of the control (+/+) in the stomach (p < 0.01) and the skin (p < 0.01). As to other organs, the difference between the W/W v and normal mice was not statistically significant. The ratio of the 5HT content of the W/W v mice to that of the control (+/+) may serve as an index of the contribution of the 5HT in cells other than the mast cell. The ratios calculated from the mean values (Table 2) in the stomach and the skin were 0.234 and 0.041, respectively. The ratios of caecum, large intestine, salivary gland and proximal and middle parts of small intestine were between 0.7 and 0.9, though it remained statistically ambiguous (p > 0.05). Brain, lung and blood gave ratios not less than 0.9. It was noted that the 5HT content in the lung showed a wide variation.
The blood from both W/W ~ and +/+ mice contained 3.7-3.8 pg/ml of 5HT. When the samples were from such organs which contained a small amount of 5HT as the salivary gland and the skin, the inclusion of the blood 5HT seemed not to be neglected. The contribution of included blood to the measured value of 5HT was checked. Hemoglobin shows an intense absorption at 400-420 nm, which is characteristic of hemeproteins. The tissue extracts and blood lysate were prepared from normal mice and the extinction at 415 nm was measured as described under Materials and methods. The extinction of the blood lysate at 415 nm was calculated to be 992, whereas those of the salivary gland and the skin were 24.8 and 3.84, respectively. When the extinction of the tissue extracts was assumed to be entirely that of blood hemoglobin, the inclusion of blood in the salivary gland and skin was calculated to be 0.025 and 0.004 ml/g tissue, respectively. The contribution of blood 5HT to the measured value was calculated from the extinction at 415 nm of the tissue extract and the 5HT content in the blood (3.74 pg/ml). The calculated amount of 5HT from the blood in the stomach was 0.03; small intestine, 0.007; brain, 0.03; lung, 0.45; salivary gland, 0.09; and skin, 0.01 (pg/g tissue) in the normal mouse. These values were within the deviations of each determination (see Table 2 ) except for the salivary gland and the skin (W/WV). In the latter two cases, the calculated contribution of blood 5HT amounted to about a half of the measured 5HT content.
The stomach and the proximal portion of small intestine of the W/W v mice showed an appearance of edematous swelling, and the mean wet weight of the stomach was significantly larger than that of the control (p < 0.05) as shown in Table 3 . The enlargement of the organ could cause the decreased content of 5HT when expressed on the basis of unit weight of the tissue. Even when the 5HT content was calculated on the basis of an individual organ, 5HT in stomach of the W/W ~ mouse was significantly less than that of the control (p < 0.01) ( Table 3) .
Discussion
Tissue content of 5HT in the stomach, small intestine (proximal, middle and distal), caecum, large intestine, brain, lung, blood, salivary gland and skin of mast cell-deficient mutant mouse (W/W ~) and of the control (+/+) was determined. The main routine was high performance liquid chromatography employed previously for the simultaneous determination of 5HTP, 5HT, tryptophan, and 5HIAA in mouse mastocytomas, P-815 and FMA3 [7] . The method used in this study was in advance in the use of NM5HT as an internal standard to correct the recovery of 5HT through the extraction procedures.
The homogenization in HC104 of organs rich in connective tissues resulted in a massive coagulation and would have lowered the efficiency of the extraction of 5HT, the majority of which was presumably stored in the densecored vesicles. Hydrochloric acid at 0.1 N was used in the first homogenization in order to denature proteins with little coagulation and to decrease possible adsorption of 5HT to precipitates. The subsequent homogenization of the HCl-homogenate in HC104 gave dispersed precipitates. The second homogenization was unavoidable to remove proteins.
The 5HT content of the skin and salivary gland was much lower than that of the blood. The presumable contamination of the isolated organs by blood was assessed by measuring the absorption of the tissue extracts at 415 nm. The calculated contribution of blood 5HT to the obtained values of 5HT in the examined organs were less-than-significant in the normal mouse except for the salivary gland. The measured value of 5HT in the skin of W/W v mouse was as little as 0.02 + 0.004 ~g/g which was close to the presumable amount of 5HT due to the included blood (0.01/zg/g). The net content of 5HT in the skin of W/W v mouse could be less than the measured value.
YAMATODANI et al. reported that the brain and stomach contained significant amounts of 'non-mast-cell' histamine, but the histamine in the skin was essentially the mast cell origin [10] . They inferred that the 'non-mast-cell' pool of histamine included neurons in the brain and enterochromaffin-like cells in the stomach. In regard to the 5HT content of the brain, there was no significant difference between the W/W v and +/+ mice, indicating that most of 5HT is of the neurons. It was also reported that the histamine content of the skin, a mast cell-rich organ, of the W/W ~ mice was approximately 2.0% that of the control (+/+) [10] . In the present study, the 5HT content of the skin of the W/W ~ mouse was 4.1% that of the control (+/+) without the correction for included blood, suggesting that most of 5HT in the skin was contained in mast cells like histamine. In contrast to the case of histamine, the lung from both W/W ~ and +/+ mice contained a large quantity of 5HT (Table 3 ). This fact suggested that the major pool of 5HT in the lung was not stored in mast cells. Considerable variation in the measured values of the 5HT content in the lung was noted regardless of the genotype of the mice. It was recently reported that cells in neuro-epithelial bodies in the mucosa of intrapulmonary airways in the young rabbit showed 5HT immunoreactivity [6] and the cells reacted to hypoxia of the inhaled air by exocytosis of dense-cored vesicles [12] . Hence, the variation of the obtained values in the present study may have been, at least in part, due to the rapid release of 5HT from the lung during the excision procedure of the organ when the blood circulation remained after the respiration had ceased.
The 5HT content of the stomach of the W/W ~ mice was 23.4% of that of normal mice. The decrease could be attributed to the effect of the W/W ~ genes, i.e., the defective differentiation of tissue mast cells. However, the density of mast cells in the normal mouse stomach was estimated to be approximately one fifteenth that in the skin [9] . In addition, the decrease of 5HT in the stomach was calculated to be 4.67/2g/g (76.7% of the normal value) and was much larger than the 5HT content of normal mouse skin (0.49 pg/g). There was a possibility that the connective tissue mast cell in the stomach contains larger quantity of 5HT per cell body than that of skin-mast cell. The heterogeneity of mast cells in different organs was discussed [13] , but quantitative works on the 5HT content have not been done. Another possibility was that not only connective tissue-mast cells but also other 5HT-containing cells were affected in the stomach of the W/W v mice. The mucosal mast cells was also reported to be much fewer in the gut of the W/W v mice [14] . Recently, Wingren et al. reported that the mucosal mast cells in rat small intestine contained considerable amount of 5 HT [ 15] . It is probable that the decrease in the 5HT content in the stomach of W/W v mouse was also caused by the depletion of mucosal mast cells.
An appearance of ulcer was observed in most of the W/W v mice [16] . Edematous swelling of the stomach was found in almost all the W/W ~ mice used in the present study, resulting in a significant increase (p < 0.05) in the organ weight (Table 3 ). There was no such swelling in the stomach of the control mice. The swelling could have some relation to the pathogenesis of the stomach ulcer. The 5HT content of the stomach of W/W v mice was significantly (p < 0.01) less than that of the control (+/+) on the basis of not only the unit weight but also the individual organ ( Table 3 ). The decrease in 5HT content in the stomach accompanied with histamine decrease [10] would be noted in relation to the occurrence of the gastric ulcer and swelling in this mouse.
